When is a DNA repeat sequence a microsatellite? Microsatellites are tandem arrays of short (1-5 bp) repeats, characterized by rapid expansion and contraction through a process of ''dynamic mutation' ' (Sutherland and Richards 1995) . Despite their importance in modern genetic analyses (Bruford and Wayne 1993; Dib et al. 1996) and association with several human genetic diseases (Mandel 1994) , little is known about the initial conditions necessary for dynamic mutation to occurthe evolutionary origin of a microsatellite. Here, we use data on the frequency of large arrays in the genome of Saccharomyces cerevisiae to demonstrate the existence of a minimum threshold size necessary for a repeat sequence to undergo dynamic mutation. The existence of this threshold provides an important insight into the evolutionary properties of repeat arrays in the genome.
which nucleotides evolve by random transitions and transversions. Under this null hypothsesis there are many more short repeat arrays than long ones. Therefore, if rapid dynamic mutation does occur, it will tend to create an excess of long repeat arrays compared with the null hypothesis, even if dynamic mutation is unbiased or slightly downwardly biased. For any particular type of array, the size at which this transition to overrepresentation occurs may reflect the beginning of dynamic mutation and the ''birth'' of a microsatellite. We show evidence for such a minimum size threshold for slippage mutation and suggest that, for a variety of different microsatellites, this threshold is consistently determined by the number of nucleotides in the array rather than by the number of repeats.
The 12.06 Mb of S. cerevisiae DNA represents the first complete eukaryotic genome to be sequenced. This provides an ideal system for studying microsatellite size distribution, because the use of an entire genome precludes any ascertainment bias arising through sampling of sequences from a composite database. Using software written by Erik Corry, we performed a genome-wide search for mononucleotide, dinucleotide, and tetranucleotide repeat arrays. For each type of repeat, observed numbers of arrays in each size class were compared with those expected under the assumption of a random distribution of repeat units ( fig. 1 ). Trinucleotides were excluded from the analysis, as all array sizes of trinucleotide repeats coincide with the periodicity of codons within open reading frames. Consequently, the pattern of trinucleotide array sizes is likely to be affected by selection on amino acid sequences.
To calculate our expected values for a particular array, we count the total number of repeat units of that type in the yeast genome and use this to calculate the expected numbers of arrays at each size, assuming that the repeat units are randomly distributed within the genome. For example, the expected number of CACACA arrays is determined by the probability of finding exactly three consecutive CAs by chance. As long as chromosomes are reasonably large, this is very closely approximated by ((N Ϫ CA) 2 /N 2 )(CA 3 /N 3 )N, where CA is the number of CAs in the genome, and N is the total number of nucleotides.
The data show that for each type of microsatellite, large arrays tend to be greatly overrepresented (ln O/E ϾϾ 0). With the exception of the mononucleotides A and T, all repeat types show a reasonably clear transition to overrepresentation. Below about eight nucleotides there are significant deviations between observed and expected values for most repeat types; however, the arrays are both under-and overrepresented-there is no obvious pattern. At sizes greater than eight nucleotides, almost all arrays are overrepresented, with observed numbers typically orders of magnitude greater than ex-FIG. 1.-Ratio of observed to expected frequencies of microsatellite repeats in the yeast genome. Expected values are calculated assuming that repeat units are randomly distributed at their observed genomic frequencies. Tetranucleotide data comprise both homologous forms of each repeat, thus AAAT ϭ AAAT ϩ TTTA. Some G/C-rich tetranucleotides do not exist in arrays of more than two repeats; however, this is probably due to the general scarcity of G's and C's in the genome. For the sake of clarity, only the eight most common tetranucleotides are shown.
pected. Under the assumption that overrepresentation of repeat arrays is caused by upwardly biased slippage mutation, there is evidence for a minimum threshold size for this process at about eight nucleotides. This concurs with the phylogenetic analysis of the primate -globin pseudogene by Messier, Li, and Stewart (1996) . They found that a substitution event which created a tetranucleotide repeat of length two and another substitution event which converted a dinucleotide repeat of length three to length five were followed by subsequent array expansion.
In yeast, the mononucleotides A and T are consistently more numerous than expected at small array sizes. We found a similar situation in the genome of the bacterium Mycoplasma genitalium, which has very few long arrays but contains a great overabundance of short repeats of A's and T's. In both yeast and Mycoplasma, these short sequences are so frequent and widely distributed that most must lie within coding regions. Consequently, they are unlikely to have arisen through slippage mutation, as this would frequently disrupt open reading frames.
Obviously, selective constraints affect the distribution of bases in the genome, but it is unlikely that such constraints would act in the same way on each different type and size class of microsatellite. It is also possible that localized variation in base composition, such as particular regions of AT or GC richness, could cause an overrepresentation of microsatellites containing these nucleotides. However, this would affect all array sizes and could not account for the threshold-linked change in array size abundance that we observe. The genome of S. cerevisiae is extremely compact for a eukaryotic organism, comprising approximately 70% coding DNA, with an average of one gene every 2 kb. Despite this, it contains approximately 4,000 expanded (Ͼ8 nt) mono-, di-, and tetranucleotide repeats which together contain about 0.38% of the genomic DNA.
Despite a detailed knowledge of DNA replication, the mechanism of slippage mutation remains elusive. Our results suggest that it is a threshold-linked process, affecting repeats of approximately eight nucleotides or more. Above this threshold, repeat sequences become subject to the dynamic mutation characteristic of microsatellites. It has been shown that rates of dynamic mutation can be drastically altered by mutations affecting DNA mismatch repair (Strand 1993) . The microsatellite expansion threshold that we observe may therefore represent a structural constraint on the accuracy of this repair process.
